Objectives-The purpose of this study was to evaluate the performance of 4-dimensional (4D) hysterosalpingo-contrast sonography (HyCoSy) for assessing fallopian tube fimbria patency in infertile women.
T ubal obstruction and pelvic adhesions are common causes of female infertility, accounting for 30% to 35% of all disease. [1] [2] [3] Approximately 1,000,000 women have pelvic inflammatory disease in the United States each year, and 18% of women with symptomatic pelvic inflammatory disease develop infertility in the United States and Europe. 4 It was reported that the possibility of developing infertility after a single attack of pelvic inflammatory disease is 12%, but it can increase to 23% after 2 attacks and 54% after 3 attacks. 5 Pelvic inflammatory disease may induce edema and adhesions in the fallopian tube, as well as tubal obstruction and dilatation with fluid. It may suppress the normal ovum collection function of the tubal fimbria, which then leads to infertility. Therefore, the assessment of tubal patency is critical in the diagnosis of female infertility. 6 Although fallopian tubal obstruction occurs at various sites, including the proximal and distal segments of the tube, the severity and treatments have substantial differences. It was reported that 42% to 95% of proximal fallopian tubal obstructions are pseudo-obstructions induced by cramps, valvelike action, and mucous plug blockage. Proximal obstructions can be treated in the clinic by placing a catheter under hysteroscopy or an intervention guided by radiography. 7 On the other hand, distal obstructions, especially those involving the fallopian fimbria, require surgery such as laparoscopic tubal neosalpingostomy or resection and ligation of fallopian tubes with severe necrosis and edema. 8 Differentiating obstructions at different segments with an accurate imaging modality is meaningful for management of infertility.
X-ray hysterosalpingography, 3-dimensional (3D) hysterosalpingo-contrast sonography (HyCoSy), and laparoscopic chromopertubation are the most commonly used approaches for examination of fallopian tubal patency in routine clinical practice. Hysterosalpingography is the conventional modality, for which the diagnostic accuracy was reported at 83%. 9 However, the clinical use of hysterosalpingography is limited by the risk of a potential iodine allergy and radiation exposure. 6, 10 Laparoscopic chromopertubation, although considered the reference standard for diagnosis of tubal patency, is invasive and limited by higher cost and the requirement for hospitalization; thus, it is not the preferred approach in clinical practice. [11] [12] [13] With the increasing application of new microbubble ultrasound contrast media such as SonoVue (Bracco SpA, Milan, Italy) for assessment of tubal patency [14] [15] [16] and the progress in computerized 3D visualization techniques, the use of 3D HyCoSy in the screening of fallopian tubal patency has attracted extensive attention from clinical investigators. 6, 17, 18 Three-dimensional HyCoSy is capable of visualizing the morphologic characteristics of the uterine cavity and the shapes of ovarian tubes. It has shown good consistency with laparoscopic chromopertubation as the reference standard. 2, 6, 11, 16, 19 However, static 3D HyCoSy is implemented on the basis of single-volume data, which prevents real-time observation of overflow of the contrast medium from the fimbriae of the fallopian tubes, thus affecting the accuracy of diagnosis of fimbria patency and potential adhesions in surrounding pelvic tissues. 6 Real-time 3D HyCoSy, or 4-dimensional (4D) HyCoSy, which is capable of using multiple-volume data, enables the reconstruction of 3D images synchronically via the collection of volume images continuously. It can visualize the contrast medium flow from the uterine cavity to the fallopian tubes and fimbria on the fly, as well as the timing, direction, and temporal pattern of contrast medium overflow from the tubal fimbria to the pelvic cavity. The dynamic imaging process, by presenting more imaging information in a userfriendly mode, is of great help in diagnosis of fimbria patency and surrounding pelvic adhesions. 16, [20] [21] [22] In this article, we present the observations on 77 infertile female patients with obstructions or partial obstructions at the tubal fimbria with pelvic adhesions who underwent 4D HyCoSy and follow-up laparoscopic chromopertubation with methylene blue within 6 months. The results demonstrate that 4D HyCoSy has relatively high accuracy in evaluation of tubal fimbria patency.
Materials and Methods

Study Participants
Seventy-seven infertile female patients with obstructions at the fimbria of one or both fallopian tubes or partial obstructions at the tubal fimbria with pelvic adhesions were included in this study. The study was approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University. All patients underwent 4D HyCoSy in the department of reproductive medicine of a general hospital from December 2014 to January 2016, followed by laparoscopic chromopertubation with methylene blue within 6 months. Signed written informed consent regarding the contrast-enhanced imaging was obtained from all of the patients after a detailed explanation of the 4D HyCoSy procedure. Patients with vaginal bleeding, acute sexually transmitted diseases, and acute or subacute inflammation in the reproductive system were excluded. The degree of cleanliness of vaginal secretions ranged from I to II in the study participant.
Instrument and Methods
A Voluson E6 ultrasound system with coded contrast imaging (GE Healthcare, Milwaukee, WI) was used. The mechanical index of the instrument was set at 0.12 to 0.18. An RIC5-9-D transvaginal volume transducer with a frequency range of 5.0 to 9.0 MHz and scanning angles from 08 to 1798 was used in the examinations.
An SF6 microbubble agent (SonoVue) was used for preparation of the contrast medium for 4D HyCoSy. Specifically, the content in one SonoVue vial was suspended with 5 mL of 0.9% normal saline as a first step, which was followed by further dilution of 2 mL of the suspension with up to 20 mL of 0.9% normal saline using a 20-mL syringe. The diluted solution of SonoVue was used in the HyCoSy.
Four-dimensional HyCoSy was conducted within 3 to 7 days after menstruation. The patient was put in the lithotomy position after emptying the bladder to expose the cervix, with appropriate disinfection and draping. A 12F dual-lumen catheter was placed into the uterine cavity, followed by inflation of the external lumen of the catheter with 1.5 to 2.0 mL of saline according to the tension of the cervix. Routine transvaginal 2-dimensional (2D) sonography was conducted first to examine the situation of the uterus, bilateral ovary, and attachments. The vaginal transducer was moved to the level of the transverse section of the uterus after the scanning, with a slight adjustment to select an appropriate initial plane for 3D imaging, allowing visualization of bilateral uterine horns and surrounding tissues, which was validated by a 3D prescan with an immobilized transducer and a volume scanning angle of 1208 for maximal coverage of the bilateral uterine horns and ovaries. The 4D HyCoSy was initiated by switching to the scanning mode of 4D contrast-enhanced imaging with the widest region of interest. The contrast medium was injected into the uterine cavity at a stable rate by an assistant. The acquisition of 4D dynamic volume images was triggered immediately at the time of contrast medium visualization in the uterine cavity. The development of contrast in the fallopian tube and overflow from the fallopian fimbria was observed dynamically. The imaging data were saved at 48 seconds by pressing P2 for dynamic storing. The scanning mode was then switched back to 3D contrastenhanced imaging to collect static images, which were saved by pressing P1. The appearance of the contrast medium wrapping around the ovaries and distribution in the pelvic cavity was studied under the coded contrast imaging mode and saved. The dynamic contrastenhanced volume images were revisited after completion of the contrast-enhanced imaging to analyze and observe the contrast flow in the uterine cavity and bilateral fallopian tubes, as well as overflow from the tubal fimbria.
For fallopian tubes with unsatisfactory observations, a flush with 10 to 15 mL of 0.9% normal saline was conducted to study the direction of liquid flow in the bilateral uterine horns, overflow of liquid from the fallopian tubal fimbria, and pelvic adhesions surrounding the ovaries on 2D sonography.
Criteria for Fallopian Fimbria Patency Evaluated by 4D HyCoSy
In a patient fallopian tube, the entire tube developed completely and naturally. There was sheet-or ejectionlike overflow of the contrast medium from the fallopian tube fimbria. Circular wrapping (contrast medium encircling more than half of the brim of the ovary) or semicircular wrapping (contrast medium encircling less than half of the brim of the ovary) of the contrast medium could be observed around the ovary ( Figure 1 , A and B). The contrast medium diffused evenly in the pelvic cavity ( Figure 2) .
In an obstructed fallopian tube, apparent resistance was encountered during injection of the contrast medium. The distal segment of the fallopian tube was obviously enlarged and distorted. No overflow of the contrast medium from the fallopian fimbria was observed. No or little contrast medium could be seen around the ovary ( Figure 1C ). No diffusion of the contrast medium could be seen in the same lateral pelvic cavity ( Figure 3A ).
Laparoscopic and Dye Hydrotubation and Diagnostic Criteria
The patient underwent laparoscopic and dye hydrotubation under general anesthesia. The pelvic cavity was explored thoroughly for the existence of pelvic adhesions after the laparoscope was placed. Methylene blue at a dose of 5 mL was injected into the uterine cavity via a dual-lumen hysterosalpingography catheter. The examination results, according to resistance during injection and overflow of methylene blue from the fallopian fimbria, could be classified as a patient fallopian tube fimbria, in which no resistance during injection and overflow of methylene blue from the fallopian fimbria could be observed, or fallopian tube fimbria obstruction, with apparent resistance during injection, obvious reflux, and absence of methylene blue overflow from the fallopian fimbria ( Figure 3B ).
Statistical Analysis
The statistical analysis was conducted with SPSS version 13.0 software (IBM Corporation, Armonk, NY). Numeric measurements were summarized as means 6 standard deviations, whereas the nominal data were analyzed with a v 2 test. Differences were considered as statistically significant different at P < .05.
Results
Patient Characteristics
The ages of the patients ranged from 22 to 42 years, with a mean of 31.4 6 3.2 years. The percentage of primary infertility was 23.4% (18 of 77), whereas that of secondary fertility was 76.6% (59 of 77). The duration of infertility ranged from 1 to 15 years, with a mean of 4.1 6 2.5 years.
Results of Laparoscopic Chromopertubation
All 77 patients underwent laparoscopic chromopertubation for evaluation and treatment of fallopian tubes. The results of laparoscopy showed that 87 of 154 fallopian tubes (56.5%) were patent, whereas the other 67 (43.5%) showed obstructions or partial obstructions at the fallopian fimbria with pelvic adhesions.
Results of 4D HyCoSy for Evaluation of Fallopian Fimbria Patency
There were 64 fallopian tubes considered obstructed by 4D HyCoSy, and 90 tubes were patent according to 4D HyCoSy (Table 1) . However, we noticed that the contrast medium wrapping around the ovary could be observed during 4D HyCoSy even in obstructed fallopian tubes (5 with semicircular wrapping and 2 with circular wrapping). There were 4 obstructed tubes detected by 4D HyCoSy that were determined to be patent by later laparoscopic chromopertubation and 7 tubes assessed as patent by 4D HyCoSy that were actually obstructed according to laparoscopic chromopertubation. The sensitivity and specificity of 4D HyCoSy with laparoscopic chromopertubation were 93.8% and 92.2%, respectively. The overall accuracy was 92.8% (Table 2) .
Pelvic Adhesions
Pelvic adhesions of various extents were detected in all 77 patients by 4D HyCoSy and were confirmed by laparoscopic chromopertubation.
Adverse Events During Imaging Examinations
Twenty-three patients had no obvious pain during 4D HyCoSy; 39 had mild to moderate pain; and 15 had apparent pain requiring treatment by placement of a hot water pack on the abdomen for pain relief. No hospitalization for further observation was required among all of the patients.
Discussion
Previous pelvic infections, abortions, and pelvic surgery are common risk factors for fallopian tube-related infertility. Obstruction at the fallopian fimbria and surrounding pelvic adhesions induced by pelvic infection are the primary risk factors. 23 Pelvic inflammatory disease may lead to edema, obstruction, and effusion at the fallopian fimbria, which can damage the ovum collection function of the tubal extremity and induce infertility. 6 Although proximal obstructions can be treated in the clinic without surgery, the preferred treatments for obstructions at the distal tubal segment/fimbria and partial obstructions with pelvic adhesions include laparoscopic surgical procedures, such as tubal neosalpingostomy or resection and ligation of fallopian tubes with severe necrosis or edema. Therefore, an imaging examination is required to identify a distal/fimbria obstruction correctly. In this study, we demonstrated that 4D HyCoSy successfully identified 60 obstructed fallopian fimbriae, which were confirmed by laparoscopic chromopertubation as the reference standard for fimbria obstruction, with sensitivity of 93.8% and specificity of 92.2%. The excellent consistency and high overall accuracy (92.8%) indicate that 4D HyCoSy is a promising alternative imaging modality over invasive laparoscopic chromopertubation. As a novel noninvasive imaging approach for tubal patency evaluation with a good safety profile, 4D HyCoSy is being accepted by more and more obstetricians for its accurate determination of obstruction sites and lower expense and is becoming a common screening examination for infertility patients and an indirect assessment of fallopian tubal peristalsis. 18, 24 Our study indicates that the 4D HyCoSy can be further extended to the assessment of fallopian fimbria obstruction.
Four-dimensional HyCoSy was developed on the basis of static 3D HyCoSy, which is a single-volume data imaging modality in which the transducer needs to be immobilized during data collection. Three-dimensional HyCoSy relies heavily on accurate cooperation between the operator and the assistant who conducts the contrast medium injection to obtain high-quality images. With the transducer at a fixed position during the image acquisition process, the imaging data from 3D HyCoSy may be compromised by any slight patient movement or a large distance between the ovaries, which prevents them from being covered in the same maximal volume frame. Sometimes, a second dose of the contrast medium has to be administrated to acquire complete imaging data. 16 However, the diffusion and reflux of the first contrast medium injection may interfere with the observation of fallopian tubal morphologic characteristics in the second examination, as well as lead to a loss of diagnostic accuracy. 25, 26 The inability to observe the overflow of the contrast medium from the fallopian fimbria dynamically also brings uncertainty in the judgments of radiologists and physicians on tubal patency and hinders contrastenhanced sonographic studies on the relationship between ovum collection by the fallopian fimbria and surrounding pelvic adhesions.
Four-dimensional HyCoSy adopted the coded contrast imaging technique, with administration of a blood pool contrast agent (SonoVue), which could substantially improve the contrast ratio between the fallopian tube and surrounding intestinal tissue and thus the imaging performance. It has been reported that the accuracy of 4D HyCoSy was higher than that of 3D HyCoSy in the examination of fallopian tubal patency.
6,18,27-29 Liang et al 29 compared the accuracy of 3D and 4D HyCoSy in tubal patency assessment against laparoscopic chromopertubation in 40 patients. The overall accuracy rates for 3D and 4D HyCoSy were 85% and 90%, respectively. The authors concluded that 4D HyCoSy has an advantage in tubal patency assessment because the intuitive dynamic imaging is more informative and can be interpreted easily for diagnosis.
Four-dimensional HyCoSy can use computerized volume data from multiple collections. The examination collects volume images continuously and conducts synchronized reconstruction during acquisition of the images. Thus, it enables dynamic monitoring of 3D images. The transducer can be moved at an appropriately slow speed to facilitate observation of the contrast medium flow in the fallopian tube, the direction of overflow from the fallopian fimbria, and the process of circular wrapping around the ovary. The operator is able to collect and study the flow of contrast in both fallopian tubes with a single contrast medium injection, as well as the timing and direction of overflow from the fallopian fimbria and the temporal pattern of pelvic diffusion. It has been reported 20 that 4D HyCoSy decreased the difficulty of collaboration between the operator and assistant and eliminated the need for a second contrast medium injection when prescanning of the central plane is unable to cover bilateral ovaries. The technique allows real-time observation of the contrast medium flow in the uterine cavity and bilateral fallopian tubes by collecting single-volume data series. It can display tortuousities or angular flexions and uneven dispersion of contrast agent bubbles into the pelvic cavity during distal development of the fallopian tube. 30 The technique improves fallopian tubal visualization of the presence of contrast medium reflux and pelvic diffusion. Moreover, with a postenhancement flush of 0.9% normal saline via a catheter, 4D HyCoSy allows the operator to observe the real-time fluid flow over the uterine horns, overflow from the fallopian fimbria, and the diffusion in the pelvic adhesion belt. It also helps indicate a diagnosis of fallopian fimbria patency and adhesions in the surrounding pelvic tissue. It is not infrequent in HyCoSy examinations to find nonoverflow enhanced echoes around an ovary nearing a well-developed tube with distortion and enlargement at the distal segment while the contrast medium overflow and pelvic diffusion are being observed at the contralateral fallopian tubal fimbria. We identified 7 cases with semicircular (5) and circular (2) contrast wrapping around the ovary near an obstructed fallopian fimbria. These "ovary wrappings" are contrast medium diffusions into the pelvic cavity from the patent contralateral fallopian tube. However, without timing information, it is not easy for a radiologist to determine whether the tube is partially obstructed with adhesions or whether the echo around the ovary is simply pelvic diffusion from another patent fallopian tube.
Bearing the question in mind as our starting point, we took advantage of the real-time visualization and dynamic playback techniques of 4D HyCoSy in our analysis of the imaging data from 77 infertile patients who had a follow-up by laparoscopic chromopertubation within 6 months. After carefully reviewing the visualization process for the fallopian fimbria and overflow of the contrast medium, we found that the fimbria distorts and enlarges apparently but shows no or little contrast medium overflow when it is completely obstructed or partially obstructed with adhesions. The flush of normal saline at 10 to 15 mL was injected into the uterine cavity via a catheter after 4D HyCoSy under 2D sonographic guidance in all 77 patients in this study. Real-time fluid flow from the uterine horns to fallopian tubes and the overflow from the fallopian fimbria were observed. We observed 64 distorted and enlarged fallopian fimbria floating in pelvic fluid as well as surrounding adhesion belts after a total injection of approximately 30 mL of fluid. However, the results from the subsequent laparoscopic chromopertubation with methylene blue showed 67 fallopian fimbriae with obstructions or surrounding pelvic adhesions. The overall accuracy of sonography was 92.9%, with sensitivity of 93.8% and specificity of 92.2%, which were slightly higher than previously reported. 27, 30, 31 In our practice, the 4D HyCoSy realtime dynamic observation of overflow of the contrast medium from the fallopian fimbria was followed by a normal saline flush under 2D sonographic observation and a study of fallopian fimbria morphologic characteristics and adhesions in a background of artificial pelvic dilatation. This procedure is able to evaluate fallopian tubal patency and pelvic adhesions comprehensively. It helps improve the diagnostic rate of fallopian fimbria patency and provides physicians with accurate evidence for selecting appropriate patient treatment.
The current contrast-enhanced sonographic criteria for evaluation of fallopian tubal patency consider the development of the entire fallopian tube, overflow of the contrast medium from the fallopian fimbria, circular wrapping of the contrast medium around the ovary, pelvic diffusion, the resistance during contrast medium injection, and pain reported by patients comprehensively. 6, 20, 25 In this study, there were 4 fallopian fimbriae indicated as obstructed by 4D HyCoSy but then confirmed to be patent by laparoscopic surgery. Revisiting the dynamic enhanced images revealed that all 4 fimbriae were distorted and enlarged, accompanied by absence of overflow and lack of enhanced echoes around the ovaries. It is possible that there were mild adhesions around the fallopian fimbriae. The patients might have been nervous with spasms during 4D HyCoSy, which could have prevented overflow of the contrast medium. The patients underwent laparoscopic chromopertubation under general anesthesia, with relaxed bodies and fallopian tubes, which allowed the agents to go through. Lysis of the surrounding adhesion belt during laparoscopy may also help dredge adhesive fallopian tubes and facilitate the flow of contrast medium. On the other hand, there were 7 patent fallopian fimbriae indicated by 4D HyCoSy that were shown to have partial obstruction with surrounding adhesions on laparoscopic chromopertubation. Revisiting the images indicated that all 7 fallopian tubes developed well entirely, but the fallopian fimbriae were distorted and enlarged, and there was a small amount of contrast medium overflow from the fallopian fimbriae after pressurized injection. The small amount of contrast wrapping around ovary, which led to the "patent" classification, might have come from the patent contralateral fallopian tube or diffusion of the contrast medium from a partially obstructed fallopian fimbria with pelvic adhesions.
It is interesting that all of the misdiagnoses by 4D HyCoSy occurred among patients with no or a small amount of overflow from the fallopian fimbria. This finding reflects the idea that 4D HyCoSy is highly sensitive in detecting the contrast medium in the pelvic cavity while lacking the capacity to distinguish the degree of potential obstruction quantitatively, which can lead to missing an affected fallopian fimbria. In our study, the flush with 15 to 20 mL of normal saline was injected via a uterine catheter after 4D HyCoSy to take the advantage of artificial local effusion for a better study of potential surrounding adhesions. 32 On the other hand, the false-positive results were observed on 4D HyCoSy among patients with tension or apparent pain during the examination. For such patients, we suggest letting the patients rest with a hot water pack on the abdomen and waiting at least 30 minutes before repeating 4D HyCoSy to allow the contrast medium injected in the first examination to be eliminated from the body.
Our study was a retrospective review on imaging data from patients who underwent both 4D HyCoSy and laparoscopic surgery. The study group was selected by physicians rather than being a random sample of patients. Although there is possibility that some patients with false-negative results, ie, those with obstruction but determined to be patent by 4D HyCoSy, might have been excluded from the study because of a lack of laparoscopic results, the number of such patients should have been low because the physicians always tend to refer patients with suspicious findings for further examinations. On the other hand, the introduction of a quantitative measurement of contrast agent injection pressure in 4D HyCoSy may be necessary, since the pressure is associated with the diagnosis of tubal patency and adhesions.
In conclusion, fallopian fimbria obstruction with or without contrast overflow from the fallopian fimbria and surrounding adhesions is an important cause of female infertility and the key factor for selection of treatment. Although invasive laparoscopic chromopertubation is considered the reference standard for this disorder, we have demonstrated that 4D HyCoSy, coupled with a sonographic examination after hydrotubation with normal saline, is able to provide an accurate diagnosis with high sensitivity and specificity of greater than 90%. Our results suggest that 4D HyCoSy, a noninvasive, lowercost modality with high reproducibility, has the potential to serve as an alternative imaging approach over laparoscopic chromopertubation.
